A widely used technique to mitigate the gate leakage in the ultra-scaled metal oxide semiconductor field effect transistors (MOSFETs) is the use of high-k dielectrics, which provide the same equivalent oxide thickness (EOT) as SiO2, but thicker physical layers. However, using a thicker physical dielectric for the same EOT has a negative effect on the device performance due to the degradation of 2D electrostatics. In this letter, the effects of high-k oxides on double-gate (DG) MOSFET with the gate length under 20 nm are studied. We find that there is an optimum physical oxide thickness (TOX) for each gate stack, including SiO2 interface layer and one high-k material. For the same EOT, Al2O3 (k=9) over 3Å SiO2 provides the best performance, while for HfO2 (k=20) and La2O3 (k=30), SiO2 thicknesses should be 5Å and 7Å, respectively. The effects of using high-k oxides and gate stacks on the performance of ultra-scaled MOSFETs are analyzed. While thin oxide thickness increases the gate leakage, the thick oxide layer reduces the gate control on the channel. Therefore, the physical thicknesses of gate stack should be optimized to achieve the best performance.
INTRODUCTION -The scaling of transistors requires the thinning of SiO 2 gate oxide [1] , which can induce significant gate tunneling below 1 nm oxide thicknesses. To mitigate the gate tunneling current in a thin oxide layer of ultra-scaled MOSFETs, high-k dielectrics are used [2, 3] . However, due to the thicker high-k gate oxides, performance drops have been observed in the ultra-scaled MOSFETs with k > 30 [4] [5] [6] [7] [8] [9] . Thicker T OX from larger k values worsen the short channel effects, even if the EOT is kept the same [4] . This happens due to the effect of the lateral field in the oxide, which is more pronounced in higher k materials [4, 5] , and fringing capacitance due to spread of potential between the gate and the source and drain [6] . It is known that not only EOT, but also the physical oxide thickness plays important roles in SCEs. However, it is not clear what the solution is as the gate lengths of MOSFETs approach below 20 nm [1, 3, 10] .
In this work, we attempt to answer these questions: 1) What is the impact of using a different high-k materials with the same EOT on an ultra-scaled DG MOSFET? 2) What is the optimum thickness of high-k gate stack for a fixed EOT? 3) How do we analytically estimate the gate leakage in the off state for a specific gate stack? We show that for ultra-scaled DG MOSFETs, there is an optimum oxide thickness that balances gate leakage of a thin oxide layer and SCEs of thick oxides. We provide an analytical model for the effect of high-k on the gate control and gate leakage current.
METHODOLOGY -A self-consistent Schrödinger- * m.salmani@gmail.com.
Poisson solver, based on the real-space effective-mass approximation and the wave function formalism, including direct gate and Fowler-Nordheim tunneling currents is used to simulate DG MOSFETs [11] [12] [13] [14] . This work only considers electrons for calculations, while holes are not taken into account for the n channel devices. Neglecting holes means that band-to-band tunneling is ignored in these simulations. This effect is negligible in devices, whose source-to-drain voltage (V DS ) is smaller than the band gap of the channel material [15, 16] . DG device specifications are in correspondence to the ITRS table data for the 2015 node (Fig. 1) . The transport direction is aligned with the <110> crystal axis and the confinement direction is (001). The source and drain regions are doped with a donor concentration ND = 10 20 [/cm 3 ]. For all simulations EOT is fixed at 0.86 nm. The gate dielectric constant varies from 3.9 to 30 (Table I) . Physical oxide thickness (T OX ) changes with the k value to keep EOT fixed, according to the following equation for the cases without any interface layer:
However, for the gate stacks with SiO 2 interface layer and fixed EOT, T OX = T SiO2 +T high−k and T high−k is calculated as:
Two gate-dielectric configurations with five different oxide materials are examined in this paper. [17, 18] . P values are calculated from equation 4 for each specific oxide material. Starred (*) numbers are used for these materials in our simulations. Physical thickness of each oxide material is shown for both configurations I and II.
Material
SiO2 Si3N4 Al2O3 Hf O2 La2O3 K 3.9 7*-8 9*-10 20 RESULTS AND DISCUSSION The ballistic I D − V GS characteristics of DG MOSFET presented in Fig.  1 are simulated for V DS = V DD = 0.83 V. Fig. 2 -A shows the results for the configuration I, without interface layer and with no gate leakage assumption. As expected, the thicker oxide would degrade the device performance by increasing the sub-threshold swing (SS) and lowering ON-current for the fixed OFF-current [6] . However, when gate tunneling is included, in the SiO 2 case, the OFF-current rises above 100 nA/um. OFF-current below 100 nA/um is considered as the OFF state in ITRS guideline [1]. For Si 3 N 4 , in the configuration I, ONcurrent is around 3430 uA/um, which is a bit less than ON-current for the device with Al 2 O 3 oxide. Although, T OXSi 3 N 4 is thinner than T OX Al 2 O 3 , it provides less ONcurrent for the fixed OFF-current. This is a result of high gate leakage at OFF state in Si 3 N 4 , which drops SS as well. I GateSi 3 N 4 is 90 times more than I Gate Al 2 O 3 and contributes as 22 % of I OFF . As the gate leakage cannot be controlled by gate voltage, it degrades sub-threshold swing, and consequently the ON-current.
Figs. 2-B to 2-D show the effect of using interface layer and its thickness on I D − V GS . Fig. 2 -B depicts the transfer characteristics of a device with Al 2 O 3 as the gate stack. As it is shown in Table I , T OX (T OX = T SiO2 + T Al2O3 ) with different interface layer thickness up to 5 A, is still thick enough to keep the gate leakage very low. Thin high-k gate stack (4Å Al 2 O 3 on top of 7Å SiO 2 ) cannot keep the leakage current low enough to turn off the device. The electrostatics and the gate leakage in the required voltage range does not vary drastically, which keep the I D −V GS characteristics similar in the interested range. In Fig. 2 -C high-k material is HfO 2 . Reduction in the T OX from 4.9 nm (no interface layer) to 1.5 nm (7Å interface layer) impacts on SCEs. All cases can turn off the device (I OFF < 100 nA/um) except the case with 7Å interface layer. The case with 5Å interface layer provides the best SS and better ON current at fixed I OFF of 100 nA/um. In the case of La 2 O 3 as high-k material in Fig.  2 -D, T OX reduces from 6.6 nm (no interface layer) to 1.9 nm (7Å interface layer) impacts SCEs drastically. Each case turns off the device properly (I OFF < 100 nA/um), however the case with 7Å interface layer provides the best I ON at fixed I OFF , as it has the thinnest oxide.
In Figs. 3-A to 3-D, performance metrics, including I ON , gate leakage current in the OFF-state, subthreshold swing (SS) and DIBL for fixed I OFF of 100 nA/um are depicted. I ON increases by reduction of the high-k thickness for the same EOT in the gate stack (i.e. increase in SiO 2 interface layer thickness). Optimum physical oxide thickness helps the device to turn off, as well as provides stronger electrostatics. The optimum oxide thickness for each gate stack can be achieved with a layer of SiO 2 and high-k material. Al 2 O 3 gate stack shows optimum ON current at T SiO2 = 3Å. However, for both HfO 2 and La 2 O 3 oxide materials, thicker SiO 2 interface layer improves the device I ON (Fig. 3-A) . In Fig. 3-B , the gate leakage current at the OFF-state is shown, which is part of the drain current. The drain current has two components; the source to drain current and the gate to drain current (gate leakage). Gate leakage results from the tunneling of electrons through the potential barrier between the gate and the channel. I Gate is exponentially related to the oxide thickness (T OX = T SiO2 +T high−k ) and oxide effective mass [3, 16] . (Fig. 3-C) . SS depends on the current at sub-threshold region, which is controlled by the electrostatics and the gate leakage [16] . Thinning T OX enhances the gate control, which improves SS until I Gate becomes comparable to I OFF . I Gate does not change exponentially with the gate bias, which leads to higher SS value. As it is depicted in Fig. 3 -D DIBL improves by a reduction in the oxide thickness [6] , but for very thin oxides, higher gate leakage slows down the DIBL value reduction [9] . Thin T OX improves the gate control over the channel (or top of the barrier), which results in weaker drain control over the channel.
Gate leakage occurs as the carrier tunnels through the oxide layer between the gate contact and the channel. The potential barrier for a gate stack is depicted in Fig.  4 -A. Using the tunneling transmission equation, we can estimate the tunneling gate leakage. In Fig. 4 -B, the tunneling transmission is calculated using equation 3, which shows a strong correlation with gate leakage in Fig. 2 -B. Tunneling transmission (Trans) for the gate stack is calculated as:
where T i and P i are thickness and decaying wave-vector of carrier in i th oxide within the gate stack, accordingly. The decaying wave-vector, P i , in each oxide layer is calculated from the effective mass, m * , and the potential barrier height, U (the CB offset in Table I ), which are listed in Table I for different high-k materials. Current is calculated as I ≈ q 2 h .M.T rans.dU , where M is number of modes, q is electron charge and h is Planc constant and dU is tunneling energy window, which is equal to the potential difference between channel and gate. Except T rans, which is calculated from equation 3 the rest of the relation for current is fixed for all of the DG devices in this work [19] . (Fig. 5-A) and different HfO 2 thicknesses over the interface layers. The potential difference between ON and OFF states shows only the effect of gate voltage variation on the potential and removes the potential difference between source and drain. Potential spread over the source and the drain are larger for thicker oxides (Figs. 5-A and 5-B) . These potential spreads show the effect of increasing fringing capacitance by using thicker oxides, which degrades the device performance. By T OX reduction, the potential spread reduces (Figs. 5-B to 5-E) . However, in the very thin oxide case (Fig. 5-E) gate tunneling increases, which drastically reduces the device performance. Fig. 6 -A shows the capacitance network, including the fringing capacitance between the gate and the source/drain, which will be added to the gate capacitance. From the potential profile and fringing field in the Figs 5-A to 5-D, it can be observed that the potential profile broadening is proportional to the physical oxide thickness. This degrades oxide capacitance (C OX ). We found that the total oxide capacitance can be crudely estimated as:
where A and L G are the gate area and the gate length, and OX and α are the equivalent gate stack dielectric constant and the empirical factor to estimate C OX degradation. In double gate, it is found that α to be around 0.5. Fig. 6 -B shows the effect of the fringing capacitance on the total gate oxide capacitance from our simple model
) on the SS values. When SiO 2 interface layer is thin, the physical thickness and fringing capacitance are large and the fringing capacitance deteriorates the performance for thick gate stacks. This simple model can be used to estimate the effect of physical oxide thickness and gate length on the performance of DG MOSFETs. Here, we used our analytical model to estimate SS using the following equation [20] :
where C Si is the channel capacitance and C OX is the modified oxide capacitance from equation 5 that takes into account fringing field effect. In Fig. 6 -B, C Si is extracted from the calculated SS for the DG MOSFET with only La 2 O 3 as oxide. Then, SS for gate stack with different SiO 2 interface layer is estimated using equations 5 and 6. As T SiO2 increases and T OX decreases, the gate tunneling begins to deteriorate the performance and saturates SS, which shows there are other factors such as gate leakage, and source to drain tunneling [3] in determination of SS and equation 6 will not work well at that point.
CONCLUSION -Scaling MOSFETs below 20 nm using thicker high-k oxides drastically degrades the device performance for a fixed EOT. Therefore, introducing higher-k oxide should be examined carefully for penalty in electrostatics. Using very thin oxides also causes gate leakage. An optimum combination of k value and oxide effective mass and thickness, or engineered gate stack, should be used to provide strong electrostatics and acceptable gate leakage. We provided a simple analytical model to estimate the gate leakage for each gate stack, as well as a model for the electrostatic degradation due to the fringing capacitance. Additionally, we showed there is an optimum gate stack thickness for any high-k material. Gate overlaps, source/drain doping and scattering can impact on the quantitative results. Therefore, for any specific device, it will be more accurate to do further investigation to find the optimum geometry and design for the best performance.
